Abstract: X-ray spectroscopy is a powerful tool to study the local charge distribution of chemical systems. Together with the liquid jet it becomes possible to probe chemical systems in their natural environment, the liquid phase. In this work, we present X-ray absorption (XA), X-ray emission (XE) and resonant inelastic X-ray scattering (RIXS) data of pure water and various salt solutions and show the possibilities these methods offer to elucidate the nature of ion-water interaction.
Introduction
The development of third and fourth generations of light sources and the concomitant improvement of beam properties, e.g. brilliance and coherence, enables a broad range of experimental techniques to study samples with atomic resolution. Information about the electronic structure of chemical systems are difficult to obtain due to the characteristic energies of the molecular orbitals, yet they contain necessary information about bonding relations, symmetry or chemical environment to name a few [1, 2] . One of the techniques to monitor the electronic structure is X-ray spectroscopy. While X-ray absorption spectroscopy (XAS) is for monitoring the unoccupied states of an element, X-ray emission spectroscopy (XES) is probing the occupied orbitals. A special case is the so called resonant inelastic X-ray scattering (RIXS).
In XAS, a core electron is excited with a monochromatic X-ray source to an unoccupied molecular orbital or above the ionization threshold to create a vacancy. In soft X-ray emission spectroscopy, the created excited system relaxes via valence electrons filling the core-hole under emission of a photon. Both contain information about the electronic structure of the molecules under investigation. XES is further divided into resonant XES (RIXS) and non-resonant XES. In RIXS, the core electron excitation to an unoccupied state and the following fluorescence are coupled events. The non-resonant XES is a two-step process, where the absorption and the emission are decoupled processes [3, 4] . An illustration of the molecular orbitals of water and the differences between XAS, XES and RIXS are shown in Figure 1 . XES is element, orbital and site specific and sensitive to the chemical environment as well as the symmetry. Moreover, photons offer bulk information as the penetration length is much higher compared to electrons. Overall X-ray spectroscopy is an ideal tool to study the local electronic structure [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Salt-water interaction is ubiquitous in chemical and biochemical processes. The impact of salts even plays an essential role in the metabolism of eukaryotic cells and in the case of mammalians it can lead to critical aggregation effects which were discussed as various pre-stages of diseases [25] [26] [27] . A manifold of experiments using different techniques have been applied to shed light to the ion-water interaction [2, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Yet, there is an incomplete understanding of saltwater interaction on the molecular level.
In this work we are presenting the possibilities that X-ray spectroscopy offers to elucidate the nature of ion-water interaction, showing the results of salt solutions compared to water with various anions, because it is believed that anions have a stronger contribution to the salt's impact than cations [25] . Additionally, we present a concentration dependent measurements as well as the possibility to probe an element site specifically.
Experimental section
The experiments were performed at the beamline U41_PGM and U49/2-PGM 1 of the synchrotron radiation source at the Helmholtz Zentrum Berlin using the FlexRIXS [38] and Transmission NEXAFS [39] endstations and at P04 of PETRA III at DESY site in Hamburg using the ChemRIXS endstation. X-ray absorption measurements in transmission mode were performed with a liquid cell [38] . XES and RIXS experiments were performed with a liquid jet [24, 40] . For excitation, a monochromatic X-ray beam with ∼ 10 12 photons per second on the sample has been utilized. The jet system consists of a mixer, a degasser and an HPLC pump (JASCO). The implementation of the liquid jet provides continuously fresh samples and avoids radiation damage during the experiment. In contrast to a liquid flow cell, the liquid jet also prevents interaction of X-rays and samples with the cell membrane and also prevents further loss of photon flux. Principally, the diameter of the liquid jet can vary from 5-100 μm. For the presented measurements in this article we used a 20 μm jet. Immediately after passing through the nozzle, the liquid has a laminar flow for a certain length. Depending on the sample, flow rate and nozzle diameter is in the range of a few millimeters [41, 42] , which is used to probe the system of interests. The aqueous salt solutions were prepared from commercially available salts of highest purity from Sigma-Aldrich at least 12 h prior to the experiment. The resonant and non-resonant excitation energies have been selected from the X-ray absorption spectra (XAS) of water and aqueous solutions recorded in transmission mode. XA and XE spectra of pure water were recorded periodically to confirm the stability of the setup. The monochromator slit was set to an energy bandwidth of approx. 0.4 eV. The resolution of the grating spectrometer was 0.4 eV at 530 eV (oxygen K-edge). The elastic peaks were used for energy calibration. Figure 2 shows a RIXS map of water taken at the oxygen K-edge. A RIXS map is a series of X-ray emission measurements around the absorption edge of a sample. Integration of X-ray emission intensities in dependence of the excitation energy results in an X-ray absorption spectrum from partial fluorescence yield [8] .
Experimental results and discussion
All spectra have been area normalized to provide an accurate comparison of relative intensities. B and C correspond to the bonding orbitals 3a 1 and 1b 2 and peak A to the lone pair electrons 1b 1 . Figure 3 shows the non-resonant X-ray emission spectra of pure water in comparison with various salt solutions at the oxygen edge at an excitation energy of 540 eV. The figure is showing data from 500 mM salt solutions with NH + 4 as the cation and various different anions compared to pure water as reference. No significant changes are observable in all low concentrated solutions. The XE spectrum of water has been proposed to be sensitive to the local hydrogen bond environment [21, 22] . The origin of the fine structure at peak A is still under discussion with commonly two models explaining this effect [21, 22, 43, 44] . Model (i) is assigning the origin due to two different structure motifs, denoted as high and low density of water, where peak A is due to tetrahedral coordinated water molecules with four intact hydrogen bonds and peak A from distorted water configurations. In this model, the splitting is intrinsically caused by different 1s core levels between two structural motifs [22] . Model (ii) assigns the fine structure to a dynamical nuclear effect during the core-hole lifetime. While a core electron is promoted, the core hole has a certain lifetime, for oxygen in water this is around 4 fs. In this short time scale nuclear motion can occur. Peak A is from heterolytic dissociated water molecules and peak A from intact water [21, 43, 44] . Both models have been challenged and supported with recent experiments, yet no consensus has been reached over the nature of the splitting [14-20, 23, 45] .
There is consensus that the splitting is sensitive to the local hydrogen bond environment [21, 22] . Both models predict that peak A is sensitive to intact and peak A to broken hydrogen bonds. Within these models, changes in the intensities of the lone pair electrons are anticipated. Depending on what characteristics these salts have, they are supposed to have different impact on the water molecules. Based on viscosity measurements, the anions studied have to enhance order or disorder of the hydrogen bond network [36, 37] . Yet, no impact is mirrored in the spectra. The question is why no significant changes are observed in the low concentrated salt solution spectra. With 500 mM only a small fraction of water molecules are in direct contact with the salt ions and most water molecules are bulk water. So the spectra are dominated by the fluorescence of bulk water. The opposite effect of cations and anions leading to compensation might also be a plausible explanation for the lack of changes. The NH + 4 ion is characterized from viscosity experiments as a structure breaker and CH 3 COO − ion as a structure maker [36] . But this approach cannot explain why for structure breaker anions like I − and Br − no effect is observable [37] . In case of the Cl − ion, recent results showed no impact on the hydrogen bond network [5, 9, 46] . Figure 3b shows a concentration measurement of aqueous NaCl solution with 500 mM, 1 M and 2 M.
Interestingly, significant changes are occurring for a concentration of 1 M or higher. The left peak A is decreasing with increasing salt concentrations. A qualitative interpretation within the (i) model means that the salt ion is reducing the number of tetrahedral coordinated water molecules. While the (ii) model is suggesting that the number of heterolytic dissociations decreases. Both interpretations lead to a reduction of intact hydrogen bonds. To estimate the magnitude of changes caused by the presence of salt ions the data have been quantitatively analyzed within the dynamic model (ii) using a superposition of several contributions [21] The intact component spectrum resembles the X-ray emission signal of gas phase water with three well defined peaks, see Figure 1 . While the dynamic component spectrum matches the signal of OH − . A splitting has not been observed for water in gas phase for non-resonant excitation energies [20] . With different IC/DC ratio, the H 2 O and D 2 O signal can be recreated with 0.72 for H 2 O and 1.33 for D 2 O. This approach has been applied to the results from the concentration measurement since with higher concentration the lower energy peak is decreasing. The results and the fit with the single components is illustrated color coded in Figure 4 . The IC/DC ratio increases from 0.72 for H 2 O to 0.78 for 1 M up to 0.83 for 2 M salt solution. The ration for the 500 mM equals the value for water. The increase of the ratio is mainly due to a reduction of the dynamical component meaning that the contribution of heterolytic dissociated water molecules is decreasing with higher salt concentrations. A similar behavior with temperature dependent study has been observed by Fuchs et al. [21] , where the intensity of peak A is diminishing with higher temperature confirming the reduction Figure 6 : The X-ray absorption and emission spectra of oxygens of the CH 3 COO − and water show significant structural differences. While the non-resonant spectra show negligible changes, at resonant excitation energy of the oxygen edge of CH 3 COO − essentially oxygen from the anion is probed.
of intact hydrogen bonds. For the 1 and 2 M spectra, a residue is introduced as a difference between the measured data and the two component fit. It has been proposed that the residue can be interpreted as being the signal from the water molecules in the first solvation shell of the salt ion [16] . Yet, the residues are not significant, which could be due to insufficient signal from water molecules in the first solvation shell. Figure 5 is displaying how much the part of the dynamic component is decreasing with higher concentration. The dynamic component is reduced by approx. 6.3 ± 1.4% for the 2 M salt solution. The high concentration spectrum suggests that Na + ions decrease the number of intact hydrogen bonds and cause more disorder [5] . Since changes seem to be dependent on the concentration, it indicates a local impact of Na + . This finding is in agreement with recent results [5, 16, 33, 34] .
It is intriguing that the oxygens from CH 3 COO − ions don't contribute to the XE signal significantly see Figure 3 . Figure 6 displays the XAS of pure water and 2 M ammonium acetate solution measured in transmission mode and the XE spectra of water and 500 mM CH 3 COONH 4 solution at two different excitation energies.
The XA spectra show the characteristics water features, namely the pre-edge (∼ 535 eV), the main-edge (∼ 538 eV) and the post-edge (∼ 540 eV) as reported by previous studies [7, 11, 12, 39] .
The higher concentration for XAS measurement has been used to emphasize the feature around 533 eV before the pre edge of water at 535 eV. A 500 mM solution has also been measured and shows the same effect with less intensity. The XA spectrum of the salt solution seems saturated. The saturation affects greatly the pre-to main-edge ratio due to a suppression of the main edge. Since the XA measurements were carried out using a transmission cell, the sources for the saturation effect could be due to sample thickness greater than 600 nm or/and inhomogeneity of the sample thickness within the beam spot [39] . However, the pre pre-edge feature is not caused by saturation effects.
The absorption peak around 533 eV is clearly a signal from the oxygens from CH 3 COO − ion and is specific to the carboxylate group since at that energy there is absent absorption of oxygen in water.
The different absorption edges of water and acetate are due to different bonding characteristics. In detail, the pre pre-edge peak is assigned to the O C=O ( * ← 1s) transition [47, 48] . The emission signal at resonant excitiation energy is mainly from the anion. It shows two sharp peaks around 525 eV and 526 eV, which can be assigned to in plane and out of plane lone pair orbitals. The other emission peaks between 520 eV and 523 eV are from bonding orbitals of the methyl group.
As comparison, a pure water spectrum is shown in Figure 4 at that excitation energy. So it is possible to probe the sample in a site specific way and extract site sensitive information. Interesting though is the lack of changes for non-resonant excitation energy. The overall emission signal is dominated by bulk water molecules.
The lack of contribution of oxygen from CH 3 COO − can also be due to much lower cross section for non-resonant excitation energies. This approach has been utilized to study ion-ion pairing and anion-water interaction [9] . The monochromatic character of lightsources allows the possibility to probe element and site specifically and extract information about the interaction with the chemical environment.
Summary
We have performed XAS, XES and RIXS experiments on water and various salt solutions with different anions on the oxygen K-edge in combination with the liquid jet and the liquid cell. All non-resonant excited data show a multi peak structure in the lone pair regime. We could show how salt ions can change the hydrogen bond structure and how it is monitored in the electronic configuration. The concentration measurements indicate that only water molecules in close proximity of the ion are affected and no long range impact of Na + could be monitored.
Additionally, we showed the possibility to use RIXS as a method to probe systems in a site specific way. X-ray spectroscopy coupled with the liquid jet opens a door to a new series of experiments to study the local charge distributions of biochemical systems in the liquid phase.
